Abstract: Apolipoprotein A-I (ApoA-I)-related amyloidosis is a rare disease caused by missense mutations in the APOA1 gene. These mutations lead to protein aggregation and abnormal accumulation of ApoA-I amyloid fibrils in heart, liver, kidneys, skin, nerves, ovaries, or testes. Consequently, the carriers are at risk of single-or multi-organ failure and of need of organ transplantation. Understanding the basic molecular structure and function of ApoA-I amyloidogenic variants, as well as their biological effects, is, therefore, of great interest. However, the intrinsic low stability of this type of proteins makes their overexpression and purification difficult. To overcome this barrier, we here describe an optimized production and purification procedure for human ApoA-I amyloidogenic proteins that efficiently provides between 46 mg and 91 mg (depending on the protein variant) of pure protein per liter of Escherichia coli culture. Structural integrity of the amyloidogenic and native ApoA-I proteins were verified by circular dichroism spectroscopy and intrinsic fluorescence analysis, and preserved functionality was demonstrated by use of a lipid clearance assay as well as by reconstitution of highdensity lipoprotein (HDL) particles. In conclusion, the use of the described high-yield protein production system to obtain amyloidogenic ApoA-I proteins, and their native counterpart, will enable molecular and cellular experimental studies aimed to explain the molecular basis for this rare disease.
Introduction
Protein and peptide instability, and their propensity to aggregate into organized fibrils or amyloids, is the underlying cause for common and rare conditions collectively named amyloid diseases. 1, 2 Depending on the identity of the associated amyloidogenic protein or peptide, their accumulation into amyloids may lead to neurological disorders, due to protein deposition in the brain, as in the case of Alzheimer disease or Parkinson's disease, metabolic disorders, caused by deposits in pancreas, as in Type 2 diabetes, or to systemic conditions with deposits in several different vital organs, including heart, liver and kidney. The range of the physiological effects that may be experienced by the affected individuals includes cognitive impairment, metabolic imbalance, and ultimately organ failure.
1,2
The depositions of proteins into amyloids in the affected organs are typically a slow process that occurs over decades with evident clinical manifestation only later in life. Enabling identification and treatment of this class of diseases at an early stage is, therefore, critical to prevent disease progression and severity. Detailed studies of the protein/peptide behavior at the molecular level are thus needed and will facilitate the development of novel therapeutics for these patient groups. To achieve this, biochemical, biophysical and imaging approaches including smallangle X-ray scattering, 3 cryo electron microscopy, 4, 5 atomic force microscopy, 6 electron paramagnetic resonance spectroscopy, 7 synchrotron radiation circular dichroism (CD), 8, 9 and solid-state nuclear magnetic resonance spectroscopy 10 have been used. To perform these types of analyses, proteins or peptides must be isolated with high quality and at sufficient amounts. However, for amyloidogenic proteins that are prone to aggregate, obtaining the required protein levels and qualities commonly constitutes a major challenge. Much effort has therefore to be invested into the establishment of experimental protocols for the high-efficient production and purification of amyloidogenic proteins. Apolipoprotein A-I (ApoA-I) is the main protein component of high-density lipoprotein (HDL) and, as such, it has a central role in the uptake and transport of cholesterol and lipids in circulation 11, 12 and on glucose control. 13, 14 ApoA-I is, therefore, considered to be beneficial to our health by reducing the risk for cardiovascular diseases 11, 15, 16 and by counteracting hyperglycemia. 17 However, specific mutations in the APOA1 gene, and the consequent single amino acid substitutions in the translation products, are associated with protein instability and progressive accumulation of protein fibrils in the affected organs, such as heart, liver, kidneys, skin, nerves, ovaries, or testes, eventually leading to organ failure. 18, 19 Interestingly, amyloidogenic mutations in the Residues 1-75 of the 243-amino acid long ApoA-I protein (e.g., the G26R and L75P variants) lead mostly to hepatic, renal and testis amyloidosis, whereas mutations in Residues 173-178 (e.g., the L174S and L178H variants) mainly lead to cardiac, laryngeal and cutaneous protein accumulation. [20] [21] [22] [23] While several advances have been made to understand the low-resolution structural characteristics of amyloidogenic ApoA-I variants, 7, 8, [24] [25] [26] much remains to be explained regarding the molecular mechanisms driving the ordered aggregation process, the variant-specific tissue preferences, as well as how the aggregation can be therapeutically prevented. Here, we have evaluated different cell growth conditions, in terms of culture medium formulations and temperature during the induction of protein expression, in order to establish a new production protocol to obtain high yields of the aggregation-prone ApoA-I variants. This novel protocol will enable detailed biochemical and biophysical studies to unravel the molecular mechanisms in hereditary systemic ApoA-I amyloidosis.
Results and Discussion
Amyloidogenic proteins are usually instable and prone to form aggregates, which makes heterologous expression and purification very challenging. The amyloidogenic ApoA-I variant L75P, which is characterized by a relaxed tertiary structure and by a very low stability, is an example of this. 24 Yet, the availability of highly efficient expression systems that generate sufficient amounts of protein are crucial in order to perform accurate functional and structural studies on the molecular mechanism underlying ApoA-I amyloidosis.
Effect of medium composition and temperature on the expression levels of ApoA-I proteins
In order to find the most suitable expression system for the high-yield production of the L75P-ApoA-I variant, we evaluated different media formulations and also investigated the effects of two different temperatures during the gene expression induction phase. Media with different compositions and complexities, such as LB, TB, and NZYM in the presence or absence of 0.2% glucose as carbon source, were used in the analyses. Escherichia coli cells, transformed with the vector encoding either WT or L75P-ApoA-I, were grown in the different media at 37 C. When bacterial cultures reached OD 600nm of 0.5-0.7, protein expression was induced by the addition of IPTG and cells incubated at either 37 C (Fig. 1 , left panels) or 30 C (Fig. 1, right panels) . As shown in Figure 1 , ApoA-I WT was efficiently produced in all the conditions tested, with higher expression levels in NZYM broth in the presence of glucose and at 30 C. Notably, L75P-ApoA-I expression was detected only, and then at low levels, when cells were grown either in TB, or in NZYM in the presence of glucose, and at the lower temperature (30 C) during the induction phase. These results indicated that the bacterial growth in a rich medium, accompanied by a decrease of bacterial metabolism due to a lower temperature during protein expression induction, is an essential prerequisite for the production of the amyloidogenic L75P variant of ApoA-I. This is not surprising since both LB and NZYM broth, in the absence of glucose, contain only a limited amount of carbohydrates and of other utilizable carbon sources. Based on these findings, TB medium and a temperature of 30 C during the induction phase were selected as the starting conditions for further optimization of the expression of the ApoA-I proteins.
Establishment of a novel system for efficient expression of L75P-ApoA-I
Escherichia coli cells, transformed with the vector encoding WT or L75P-ApoA-I (and also with vectors encoding G26R-ApoA-I, L174S-ApoA-I and L178H-ApoA-I, see Fig. S1 ), were inoculated in TB and grown in shaking flasks at 37 C for 12 h. To boost cell growth and protein production, fresh nutrients were added to the culture prior to induction of protein expression by IPTG addition. This was achieved by adding concentrated TB media (10×) to obtain a final TB concentration of four times (4×) more nutrients compared to standard TB. The potential of maltose as an additional source of carbon to improve the expression of WT and L75P-ApoA-I was also analyzed and compared to protein expression in the absence of maltose. As described above, higher levels of protein expression were achieved when inducing and culturing the cells at 30 C, thus this temperature was also used here for cells grown in TB 4×. However, in order to enable direct comparison with the previously used production protocol, 9, 27, 28 and also to allow for comparative structural and functional analyses in relation to earlier findings on WT-ApoA-I, 8 a temperature of 37 C was used throughout the expression in LB. The optical density (which correlates to cell number) reached at the end of the induction phase and the expression levels of WT and L75P-ApoA-I proteins are shown in Figure 2 . As could be expected with media rich in nutrients, cell growth in TB 4× during the induction phase resulted in much higher optical density, compared to growth in LB [ Fig. 2(a) ]. Specifically, the bacterial culture expressing the WT protein in TB 4× reached values of optical density that were 4.3-to 4.7-fold higher compared with the LB cultures. Similarly, very high optical densities were obtained for cells expressing L75P-ApoA-I when grown in TB 4×, indicating that expression of the amyloidogenic protein is not toxic to the cells. The TB 4× media appeared to contain sufficient carbon sources for cell growth, as the addition of maltose during the induction phase did not result in any significant differences in the optical density for the cultures expressing either WT or L75P-ApoA-I proteins. Estimation of the protein expression levels by SDS-PAGE combined with Coomassie staining of total proteins and immunologic detection of the ApoA-I species C were particularly effective for the production of the L75P-ApoA-I variant, whereas extremely low amounts were obtained at the other conditions tested. Moreover, the addition of maltose had no Figure 1 . Effect of culture medium composition and temperature on recombinant ApoA-I proteins expression levels. Escherchia coli cells, transformed with the vector encoding either the WT or L75P-ApoA-I, were grown in different media (LB, NZYM, NZYM +0.2% glucose, or TB) and protein expression was induced for 5 h following the addition of 1 mM IPTG. Protein expression was performed at both 37 C (left panels) and 30 C (right panels). Equal amounts of total bacterial cell lysates from cells grown in each culture condition were analyzed by SDS-PAGE followed by Coomassie staining (upper panels) and Western blot analysis (lower panels). Arrows indicate ApoA-I protein species.
Del Giudice and Lagerstedt significant effect on cell growth or on the expression levels of neither WT nor L75P-ApoA-I proteins. In summary, the established culture conditions contribute to the highly improved production of amyloidogenic ApoA-I protein in two ways: by increasing the cell density (4--5-fold) of the culture and by increasing the level of expressed protein per cell mass. The facts that the lower temperature and the high amounts of fresh nutrients enable the bacterial cells to stay longer in the growth phase, and thus have the translational machinery active longer, are likely key components to the achieved high level of expressed protein.
High-yield purification of L75P-ApoA-I
WT and L75P-ApoA-I proteins were expressed in bacterial cells cultured in TB 4× media, in the presence or absence of maltose, followed by purification from the bacterial cell lysates by using a two-step purification approach, as previously described. 27 The purity of the recombinant ApoA-I proteins was evaluated by SDS-PAGE analysis followed by Coomassie staining, and protein yield per liter of bacterial culture was determined. The SDS-PAGE analysis showed that the purification procedure leads to apparent high levels of purity of both the His-tagged proteins and of the final WT and L75P-ApoA-I not carrying the His-tag [ Fig. 3(a) ]. The purity and the identity of the recombinant ApoA-I proteins were confirmed by mass spectroscopy analysis. The purity of the recombinant proteins was estimated to be 84, 86 and 77% for WT in LB, WT in TB 4× and L75P variant, respectively [ Fig. S2 (ac)]; moreover, none of the contaminants of the top 20 proteins with the highest peptide match constituted more than 1% of total protein (Fig. S3) . The sequence coverages for the WT protein produced either in LB or in TB 4× and for the L75P variant in TB 4× were all 100% [ Fig. S4(a-c)] . Importantly, the obtained yields of WT and L75P-ApoA-I proteins from cells cultured in TB 4× were significantly higher compared with the yield of the WT protein expressed in LB [ Fig. 3(b,c)] . Indeed, the expression of the WT protein in TB 4× lead to a 7-fold increase in protein yield compared to the one obtained producing the WT protein in LB (the same comparison could not be made for the L75P-ApoA-I protein as we were unable to produce this protein in cells cultured in LB media). Of note, the yield of untagged WT-ApoA-I, obtained by using the method here described, is about 70% higher than the previously reported methods for the recombinant expression of native ApoA-I, in both E. coli and Pichia pastoris. [29] [30] [31] In addition, the yields of purified G26R-ApoA-I, L174S-ApoA-I, and L178H-ApoA-I variants, by using the same culture conditions and purification protocol, were determined to be in the same range as the WT protein (Table I) , which indicates that the protocol can successfully be employed for amyloidogenic ApoA-I variants in general.
Structural and functional analysis of ApoA-I proteins produced with the high-yield system
In order to ascertain that the new high-yield expression and purification system had no deleterious impact on ApoA-I structure and function, conformational structure analysis of WT and L75P-ApoA-I proteins was next performed followed by quantitative and qualitative analyses of their lipid binding ability. First, the WT protein produced either in LB or in TB 4×, as well as the L75P variant produced in TB 4× were analyzed by Blue Native gel electrophoresis. As shown in Figure 4 (a), all the recombinant ApoA-I proteins presented one main protein species, indicating that the proteins are essentially monomeric at the condition tested. Second, CD spectroscopy was used to compare the conformation of the WT protein produced either in LB or in TB 4×, as well as of the L75P variant produced in TB 4×. CD spectroscopy provides information on protein secondary structure in solution and is therefore commonly used to assay for global structural integrity. 32, 33 As shown in Figure 4 (b), there was no significant difference between the CD spectra obtained for the WT proteins produced in either LB or TB 4× indicating that the high-yield expression protocol is not affecting ApoA-I secondary structure composition. Moreover, the CD spectrum from L75P-ApoA-I [ Fig. 4(b) ] showed a lower signal intensity compared to the WT protein, denoting a lower α-helical content, which is in agreement with previous findings.
8,24
Protein stability was next analyzed by utilizing intrinsic fluorescence of tyrosine and tryptophan residues that both emit fluorescence when excited at 280 nm. The characteristics of the emission spectra correlate to solvent exposure of these residues. Changes in the maximum emission wavelength can, therefore, be used to pinpoint protein conformational rearrangement. Thus, intrinsic fluorescence was used to highlight differences in the overall conformation of the WT protein produced either in LB or in TB 4×, and of the L75P variant produced in TB 4×. As shown in Figure 4 (c), no difference was detected between the WT proteins produced in either of the culture conditions, whereas L75P intrinsic fluorescence spectra was characterized by a lower fluorescence intensity and with a maximum intensity at a longer wavelength. In agreement with previous finding, this shift is diagnostic of a more relaxed structure of the L75P-ApoA-I. 24 The thermal stabilities of the ApoA-I proteins were analyzed by recording the CD signal at 220 nm. As expected, there was no significant difference in the thermal denaturation curves obtained for the WT protein produced either in LB or in TB 4×. The curve obtained for the L75P-ApoA-I indicated an expected lower thermal stability for this variant [ Fig. 4(d) ], as previously shown. 24 Furthermore, the thermal unfolding process was completely reversible for the WT proteins as well as for the L75P variant (Fig. S5) . A main function of the ApoA-I protein is the binding and transport of lipids. A lipid clearance assay was therefore used to assess the ability of the ApoA-I proteins to bind lipids. No differences in the DMPC clearance kinetics of the WT proteins produced under the different expression conditions Data are the means AE SEM (N = 3).
Del Giudice and Lagerstedt were observed, whereas the L75P variant showed the expected slower lipid binding kinetics [ Fig. 4(e) ]. 8 Finally, the ability of the proteins to form HDL lipid-protein complexes was analyzed and compared. Clearly, the WT and L75P-ApoA-I proteins produced in TB 4× media retained the ability to form rHDL particles with an estimated diameter of approximately 9.6 nm, upon incubation with POPC and cholesterol at a 1:80:4 protein to lipids molar ratio [ Fig. 4(f ) ]. These results indicate that the high-yield method for production of WT and amyloidogenic proteins here described results in correctly folded and functionally active ApoA-I proteins.
Conclusion
ApoA-I-related amyloidosis is a rare disease for which no therapeutic approach is currently available. The availability of an efficient system for the recombinant expression of ApoA-I amyloidogenic variants is of key importance for the development of therapeutics. However, the low stability and the tendency to aggregate that characterize these proteins make their production very challenging, which also greatly limits the possibility to perform biochemical and cellular studies aimed to unravel the molecular mechanism underlying this disease.
Here, we describe a new, highly efficient, production protocol for the recombinant expression of ApoA-I amyloidogenic variants in E. coli. The method is based on the addition of high amounts of fresh nutrients prior the induction step and on a lower temperature during the expression phase, which combined allows for increased cell density of the bacterial culture and increased levels of expressed protein per cell mass. The new protocol enables the production of correctly folded and functional recombinant ApoA-I variants with a yield per liter of bacterial culture, markedly higher compared with the already available protocols adapted for the recombinant production of the native ApoA-I. The accessibility to ample amounts of recombinant ApoA-I amyloidogenic variants will enable detailed functional and structural studies that aim to unveil the molecular mechanism underlying ApoA-I amyloidosis, and also accelerate the development of effective therapeutic strategies.
Materials and Methods
Expression and purification of recombinant human ApoA-I proteins Human ApoA-I proteins, containing a His-tag and tobacco etch virus (TEV) protease recognition site at the N-terminus, 25 were expressed in the bacterial isopropyl-beta-thiogalactopyranoside (IPTG, Thermo Fisher Scientific, MA). In the case of TB 4× expression medium, protein expression was induced by adding 1 mM IPTG and 10× concentrated TB, to give a 4× final concentration, to the overnight preculture. Protein expression levels were evaluated by SDS-PAGE, followed by Coomassie staining and Western Blot analysis. Recombinant proteins were then purified using immobilized metal affinity chromatography (His-TrapNickel-chelating columns, GE Healthcare, IL) followed by TEV protease treatment and a second immobilized metal affinity chromatography step to remove the Histag. 7, 27 Protein purity was analyzed by SDS-PAGE, followed by Coomassie staining, and concentration was determined by using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, MA).
Western Blot analysis
Total bacterial cell lysates were separated by 4-15% Tris-Glycine pre-casted gels (BioRad, CA), transferred to nitrocellulose membranes, and probed with antihuman ApoA-I antibodies (Q0496, Dako, Agilent Technologies, CA). Detection was performed by using HRP-conjugated secondary antibodies (GE Healthcare, IL) and a chemiluminescence detection substrate (Super-Signal West Femto, Thermo Fisher Scientific, MA). Blots were imaged using the Odyssey Fc system (LI-COR Biosciences, NE).
Mass spectrometric analysis
In order to estimate the purity of the recombinant proteins, the trypsin MS data from Q Exactive HFX MS (see Supplementary Materials and methods) was searched against the single-entry protein FASTA database using Thermo Biopharma Finder v3.0. The search parameters included S/N ratio set at default value 128, trypsin, an mass accuracy set to 5 ppm with minimum confidence 0.8 to ensure low level of false-positive identifications. The quantitative values are presented as % abundance, based on the sum of all modified components divided by the sum of all components. The sequence coverage of the recombinant proteins was obtained searching for the pepsin digest MS data (see Supplementary Materials and methods) against the single-entry protein FASTA database using the same software. The search parameters included S/N ratio set at default value 64, low specificity pepsin, a mass accuracy set to 5 ppm with minimum confidence 0.8 to ensure low level of false positive-identifications. The quantitative values are presented as % abundance, based on the sum of all modified components divided by the sum of all components.
The raw DDA data were analyzed with Proteome Discoverer™ 2.2 Software (Thermo Fisher Scientific) for the determination of contaminants. Peptides were identified using SEQUEST HT against UniProtKB human database (release 20171218) and E. coli database (released 20180912). The search was performed with cysteine carbamidomethylation as static modification and N-terminal acetylation, methionine oxidation, and phosphorylation as dynamic modifications. Precursor tolerance was set to 10 ppm and fragment tolerance was set to 0.05 ppm. Up to two missed cleavages were allowed and Percolator was used for peptide validation at a q-value of maximum 0.01. Filter settings at the protein level were Master is equal to Master, Protein Unique Peptides is greater than or equal to 2. Filter settings peptide level were Confidence is equal to high. Twenty proteins with the highest peptide-spectrum match (number of MS2 spectra that is associated with peptide identification for a certain protein) were used for analysis of protein contaminants.
Formation of reconstituted HDL
Lyophilized POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids, AL) and cholesterol (FC) (Avanti Polar Lipids, AL) were dissolved in 3:1 chloroform:methanol, and the solvent was evaporated by overnight incubation under a stream of nitrogen gas. POPC and FC were dissolved in PBS, and lipoparticles were generated by using the cholate dialysis method 34 . Briefly, POPC:
FC lipoparticles were produced by incubating POPC and cholesterol, diluted in sodium deoxycholate, with ApoA-I variants at 80:4:1 molar ratio and at a 0.5 mg/mL protein concentration. Mixtures were incubated at 37 C for 1 h and then dialyzed against PBS for 72 h. At the end of the incubation, homogeneous 9.6 nm POPC:FC:ApoA-I particles were isolated by a size-exclusion chromatography by using a preparative Superose 6 increase 10/300 GL column (GE Healthcare, IL). Samples were eluted in PBS, at a flow rate of 0.5 mL/min, and analyzed by Blue Native PAGE by using the NativePAGE Bis-Tris Gel System 4-16% (Invitrogen, Thermo Fisher Scientific, MA) according to the manufacturer's instructions.
Lipid clearance assay
Lyophilized DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids, AL) was dissolved in 3:1 chloroform:methanol and the solvent was evaporated by overnight incubation under nitrogen gas. In order to create multilamellar vesicles, DMPC was then dissolved in PBS and the lipid suspension extruded through a 100-nm polycarbonate membrane using the LiposoFast system (Avestin, Germany). ApoA-I proteins were mixed with DMPC multilamellar vesicles at a 1:100 protein to lipid molar ratio and DMPC clearance was monitored by measuring the absorbance of mixture at 325 nm for 10 min, as previously described. 28 CD spectroscopy CD spectroscopy measurements were performed on a Jasco J-810 spectropolarimeter equipped with a Jasco CDF-426S Peltier set to 25 C. Proteins (0.5 mg/mL) were loaded into a 1 mm quartz cuvette and the spectra acquired in the far-UV range 200-260 nm, with a 1 nm wavelength increment. Averages of five scans were baseline-subtracted (PBS) as previously described. 25 For the thermal stability analysis, CD signal at 220 nm was acquired in the C range, with a 1 C increment.
Intrinsic fluorescence analysis
Intrinsic fluorescence emission spectra were acquired at 25 C in a 10-mm cell by using a Jasco J-810 spectropolarimeter equipped with a Jasco CDF-426S Peltier and a FMO-427S fluorescence module. Spectra were recorded in the range 300-450 nm, following excitation at 280 (tyrosine/tryptophan), with a scan speed of 150 nm/min and 5 nm slit width. Spectra are the average of five scans.
